Bloch lines are formed to reduce the magnetostatic energy generated by the Bloch walls in uniaxial magnets. Recently, it is reported that Bloch lines play important roles in the emergence and helicity reversal of magnetic bubbles in Sc-substitute Mtype hexaferrites (BaFe12-x-0.05ScxMg0.05O19). Although Bloch lines have been discussed on the basis of micromagnetic simulations, the detailed structure was not observed directly. In this study, we investigated the microscopic structures of Bloch lines in BaFe10.35Sc1.6Mg0.05O19 uniaxial magnets. Differential-phase contrast scanning transmission microscopy (DPC-STEM) directly revealed that the edges of the Bloch walls were misaligned in the Bloch lines of BaFe10.35Sc1.6Mg0.05O19. From the micromagnetic simulations based on the Monte-Carlo technique, we showed that the misaligned Bloch walls were caused by the dipole-dipole interactions in the hexaferrite. Our results will help to understand the microstructures of Bloch lines at nanometer scale.
although Bloch lines are formed to reduce the stray field from Bloch walls. 22 Although several experiments have revealed the positions of Bloch lines, [23] [24] [25] [26] their detailed microstructures remain elusive because available observation methods lack the resolution needed for direct observation. Thus, the microscopic structures of Bloch lines have been analyzed theoretically. 22 However, recent advancements in differential-phase contrast scanning transmission electron microscopy (DPC STEM) 18, [27] [28] [29] have made it possible to directly observe magnetic domains including Bloch lines at high resolution.
In this paper, we report the microscopic structures of Bloch lines in the Sc-substituted M-type hexaferrite
BaFe12-x-0.05ScxMg0.05O19, x = 1.6 (BFSMO). High-resolution DPC STEM images directly show the substructures of the Bloch lines. The Bloch lines are revealed to comprise two misaligned Bloch walls. We reveal that the misaligned Bloch walls are caused by the dipole-dipole interactions. These structures are generated to reduce the magnetostatic energy induced by the Bloch lines. The edges of the Bloch walls are also shown to be misaligned in the Bloch line of a magnetic bubble.
II. EXPERIMENTS
DPC STEM was performed using a transmission electron microscope (JEM-ARM200CF, JEOL Co. Ltd.)
equipped with a segmented detector with eight segments. 30 The experimental setup is shown in Fig. 1(a) . When electrons pass through a specimen possessing a magnetic field B, electrons are deflected by the Lorentz force, resulting in unequal intensities among the segments. The intensity is proportional to the magnetic field in the specimen, which is also proportional to the magnetization. Thus, the direction and magnitude of the magnetization can be directly deduced and mapped in real space based on the intensities. 31 The objective lens was turned off for magnetic domain observation and used to apply magnetic fields perpendicular to the thin specimen. DPC STEM images were taken under the in-focus condition. The probe convergence angle and detection angle were set to ~0.1 and ~50 mrad, respectively. In this setup, the outer detectors (5-8) had intensities from magnetically deflected electrons, whereas the inner detectors (1-4) had no intensity. Thus, the intensities of the inner detectors were used to subtract non-magnetic signals such as bend contours. 28 The resolution of DPC STEM in Lorentz mode was ~5 nm in this study. A single crystal of BFSMO was grown using a floating zone method. Thin specimens for DPC STEM observation were prepared using an Ar + ion-milling method. The thickness of the specimen was ~ 90 nm.
The easy axis of BFSMO at room temperature is the c axis; thus, the incident beam was set to be parallel to the c axis of BFSMO.
Here, we briefly describe how we obtained the DPC STEM images from the experimentally obtained intensities ) were utilized to explicitly depict the helicity of the magnetic bubbles. Figure 2 shows the DPC STEM images of BFSMO at room temperature (field strength image and color maps).
III. RESULTS AND DISCUSSION
The field strength image indicates a stronger intensity in the domain walls compared to inside of the domains. In the color map, the direction and magnitude of magnetization are illustrated by color and contrast, respectively. Thus, the black contrast of the magnetic domains indicates that they had no in-plane magnetization component.
Conversely, the magnetic domain walls were visualized by thin color lines, indicating in-plane magnetization components. These results are in accord with previous studies finding that magnetization points upward or downward in magnetic domains, and these domains are separated by Bloch walls. 6, 7, 32 It can be seen that Bloch walls were broken, as indicated by the white arrowheads (Bloch lines), and the intensities were low at the Bloch lines. To analyze these Bloch lines, we observed these areas at high magnification. showing different colors) was ~120 nm. Therefore, the Bloch line width was larger than the Bloch wall width in width = 30 ~ 40 nm) of an M-type hexaferrite. 33 Considering that the magnetocrystalline anisotropy was reduced by the Sc substitution, the Bloch wall width is reasonable. In Fig. 3(a) , the magnetizations pointed in the left and upper-right directions in the left and right Bloch walls, respectively. Thus, these walls formed a tail-to-tail magnetic domain structure. Noticeably, the edges of the Bloch walls were not aligned in a straight line; instead, they slightly deviated from each other. Furthermore, similar to in Fig. 3(a) , a misaligned structure was observed in the head-to- . Furthermore, the Bloch walls were pinched off by the application of magnetic fields, and type-I and -II magnetic bubbles were formed. Here, type-I bubbles are defined as bubbles with continuously rotated Bloch walls, whereas type-II bubbles are defined as two parallel Bloch walls with two Bloch lines at their edges. 35 The rotation image [ Fig. 5(d) ] clearly shows the helicity of the magnetic bubbles. Figure 5 (e) is a DPC STEM rotation image under a magnetic field of ~228 mT at high magnification around type-I and type-II magnetic bubbles. The type-II magnetic bubble (red rectangle) was observed at high magnification, as shown in Fig. 5(f) . In the observed Bloch lines, Bloch walls were generated at different points, and the locations of the Bloch walls deviated at Bloch lines, similar to the case of the striped domain walls (Fig. 3) . The existence of Bloch lines and similar misaligned Bloch walls can be seen in Figs. 4C and D of the previous work using the Fresnel method and a transport-of-intensity equation (TIE). 5 However, our DPC-STEM study clearly demonstrated the misaligned structure without the artifacts due to the Fresnel and TIE methods. 36 Therefore, we concluded that a similar misaligned structure of Bloch walls was realized in the Bloch lines of type-II magnetic bubbles.
IV. CONCLUSIONS
We investigated the microstructures of Bloch lines at high resolution using DPC STEM. Our real-space observation clearly showed that the edges of Bloch walls were misaligned in Bloch lines. The micromagnetic simulations based on the Monte-Carlo technique demonstrated that the dipole-dipole interactions play an important role in the formation of the misaligned structure. This misalignment structure was also realized in the Bloch lines of type-II magnetic bubbles. 
